In this paper we study small and large solid-core PCFs with elliptical shaped air-holes for the hexagonal lattice, which were constructed by omitting one air-hole (small core) and seven air-holes (large core), respectively, and we compare their characteristics with those with circular holes. We use two types of ellipticity: vertical and horizontal. Birefringence, dispersion, and the numerical apertures of the fundamental modes are analyzed using commercial simulation software. Also, the confinement loss is obtained. The effect of ellipticity on these characteristics is investigated in detail. It is found that the type of ellipticity of the air holes affects the numerical aperture and hence confinement loss significantly, but it has no crucial effect on either the dispersion or the birefringence for the small and large core PCFs. 
Introduction
Photonic crystal fibers (PCFs) are single-material optical fibers with a regular array of air holes running along the fiber, which act as cladding and guide the light via one of two mechanisms [1] [2] [3] [4] [5] [6] [7] [8] : effective index-guidance (EIG) and photonic band-gap guidance (PBG). In the EIG mechanism a solid core is created by filling the central air-hole with glass to guide light by total internal reflection (TIR). Therefore these index-guiding PCFs are also called TIRPCFs. In the PBG mechanism, PCFs use a perfectly periodic structure exhibiting a photonic band-gap effect at the operating wavelength to guide light in a low-index A desirable property of PCFs is that the design parameters of hole diameter and hole pitch Λ offer great flexibility in designing for a required application. By manipulating , Λ, and the number of holes N, it is possible to control the properties of a PCF such as dispersion, leakage loss, single-mode regime, numerical aperture, and effective-mode area. Furthermore, their unusual and remarkable optical properties have been extremely interesting for many applications in diverse areas, such as spectroscopy, metrology, biomedicine, tomography, imaging, and telecommunication [9] .
Among the features of PCFs, birefringence and confinement loss are two of the most interesting characteristics. Birefringence is usually an undesirable property of fiber optics, but highly birefringent fibers are sometimes required. High birefringence fibers have been widely used for polarization control in fiber optic sensors, precision optical instruments and optical communications systems [10] [11] [12] .
PCFs also possess dispersion properties significantly different from those of conventional fibers because the novel cladding structures consist of an array of micrometer sized air holes, which allows for flexible tailoring of the dispersion curves. Control of chromatic dispersion in PCFs is a very important problem for realistic applications in optical fiber communication [13] , dispersion compensation [14] , nonlinear optics [15] , and flattened continuum spectrum generation [16] . To accomplish appropriate chromatic dispersion, the parameters in the PCF need to be well designed.
In a solid-core photonic crystal fiber (PCF), if the core is formed by filling one central hole in the cladding lattice with a glass when the parameter hole diameter/pitch length ( /Λ) is smaller than a certain value, the fiber operates in the endlessly (over a spectra) single-mode regime. Furthermore, this structure is less susceptible to longitudinal non-uniformities compared to other designs for equivalent effective areas. For applications such as high power beam delivery, fiber amplifiers, and fiber lasers, the optical fiber should exhibit a large mode area (LMA), single-mode propagation characteristics, and low bending losses. It is difficult to realize LMA single-mode holey fiber with low bending losses using a PCF formed by a single missing air hole in the core region, because it requires a large hole pitch, which induces large confinement losses and multimode regime. One of the ways to meet the LMA requirement and improve the light confinement in a PCF is a core comprised of several elements. It is possible to substitute not one, but rather seven central capillaries in the initial stack for one solid rod. By this method, the value of the pitch and hence the confinement loss in the fibers can be reduced. Structures other than hexagonal are generally with square or rectangular lattices. The former one has a 90 degree rotational symmetry and hence varying the orientation of ellipticity of the holes does not produce a different situation. In addition, air holes arranged in a square lattice usually suffer serious confinement loss compared to hexagonal schemes. For rectangular lattices, although optical birefringence, confinement loss, and dispersion properties are investigated extensively in the literature, it is not meaningful to investigate such an unrealistic fiber structure, since the manufacture is too difficult for rectangular air holes.
Recent studies have been concentrated on PCFs with elliptical air holes [17] [18] [19] [20] [21] [22] [23] [24] . These birefringent structures provide an opportunity to examine the interplay of the unusual dispersive properties of a standard PCF with strongly polarization-dependent effects. A number of important quantities, including the birefringence and walkoff parameters, exhibit frequency dependencies quite unlike conventional birefringent systems. In this study, we have investigated numerically the effect of the direction of ellipticity, not formed intentionally but created by the fabrication process, on the birefringence, dispersion, confinement loss, and numerical aperture for small and large solid-core PCFs having a core formed by one missing hole and seven missing holes, respectively, at the center of a photonic crystal structure with a hexagonal lattice of elliptical shaped air-holes. For this purpose, since the hexagonal lattice does not have a 90 degree rotation invariance, we choose equal ellipticity for the and orientations.
Optical and geometrical parameters of the fiber
We have considered both the small and large solid-core PCF structures of hexagonal lattices with elliptical airholes as shown in Fig. 1 and we have compared their characteristics with those of circular ones [25] , where is the diameter of the circular air-holes, Λ is the pitch of the air hole array, that is, the distance between hole centers, and (= ) and are the diameters of an elliptical air-hole in the -and -direction, respectively. Now, we define the ellipticity as = / . We use 0.8 (vertical ellipticity) and 1.25 (horizontal ellipticity) for in this work. The pitch length is chosen as Λ = 4 2 µm for the purpose of comparison to our earlier works on PCFs using circular holes ( = 1) in the cladding with the same pitch length Λ [26] . Since the refractive index variation of silica, which forms the photonic crystal background and solid-core, over the transparent wavelength region is of the order of a few percent, we used a fixed value of = 1 45. The investigation covers relative air-hole size /Λ = 0 5, and the wavelength ranges from 0.8 to 2.0 µm. Four air-hole rings are used in the calculations.
Numerical aperture
Numerical aperture (NA) defines an acceptance cone within which all bound rays are contained. It is a convenient measure of the ability of an optical fiber to capture light from a wide-angle source and generally a higher NA indicates a higher source-to-fiber coupling efficiency. We use, in this work, the following expression for the PCFs considered [25] :
where is the core index and F SM is the corresponding effective index of the first cladding mode in the infinite periodic cladding structure often denoted the fundamental space filling mode (FSM). The numerical aperture also relates to the effective mode area A and is given by the following relation for the PCFs [27] :
A lower numerical aperture allows the field to penetrate farther in to the cladding and hence results in increased mode area.
Birefringence
In general, optical fibers possess two orthogonal polarization modes. In an ideal single-mode fiber with perfect rotational symmetry, these modes are degenerate and their propagation constants are equal. However, an actual single-mode fiber is rotationally asymmetric due to its geometrical asymmetries and external influences such as stress and temperature variation which lift the degeneracy. The birefringence is calculated by the following equation [28] :
where and are the effective indices of the and -polarized fundamental modes, respectively. The geometrical portion of birefringence [29] (for example, by using a non-circular core shape), for small birefringence, can be approximated by
where is the mean core diameter, ∆ is the relative index difference between the core and the cladding, and can be written as the following for PCFs:
represents the core ellipticity with and referring to the minor and major core diameters, respectively. C is a constant dependent on the fiber V value.
Dispersion
Chromatic dispersion D(λ) in single-mode optical fibers causes optical pulses to broaden and so higher D(λ) requires dispersion compensation. D(λ) of the PCFs studied in this work is calculated from the values of the fundamental core-mode versus wavelength using the following expression [28] :
] is the real part of the refractive index, λ is the operating wavelength, and is the velocity of light in the vacuum. Material dispersion calculated by using Sellmeier's formula for materials is included in Eq. (6) during the calculation process.
Confinement loss
Lossless propagation is possible only if the air hole arrangement is of infinite extent and, of course, if a lossless material is used. In practice, finite numbers of holes can be made and so the modes of such fibers are leaky. Thus, a fiber can be seen as confinement lossless if the field leakage is negligible with respect to the material losses. The field confinement and its decay rate play a fundamental role in the leakage properties. The confinement loss L can be calculated by [30] 
where 0 = 2π/λ, λ is the vacuum wavelength of the light and I [ ] is the imaginary part of the effective index of the fundamental mode of the structure. A much tighter mode confinement corresponding to lower confinement loss is related to a lower effective mode area A .
Simulation results and discussion
In this section, in order to calculate the birefringence, dispersion, and numerical aperture of the fundamental modes, we have used simulation software (BandSolve) 1 based on the plane wave expansion (PWE) method. Unfortunately, the PWE method allows calculation of only the real part of the refractive index. Therefore, the complex effective refractive indices and thereby confinement losses have been computed with software (Comsol) 2 based on the finite element method (FEM). The effective refractive index F SM of the cladding versus wavelength is shown in Fig. 2 for both by the optical intensity distribution in the medium, and is therefore strongly dependent on the wavelength as well as on the size and the geometry of the holes. Since waves of shorter wavelength are more confined in the medium of higher refractive index (core), F SM is a decreasing function of the wavelength. The NA values versus the wavelength are plotted in Fig. 3(a) and Fig. 3(b) for small and large solid cores, respectively. It can be seen from the figures that, regardless of the of the type or size of core, vertical ellipticity pushes up the NA values with respect to those of the circular case while horizontal ellipticity pulls them down. This behavior is a reflection of the variation of F SM with the type of ellipticity on NA, via Eq. (1). For the structures with small and large solid cores, the birefringence values versus the wavelength are plotted in Fig. 4(a) and Fig. 4(b) , respectively. Birefringences for PCFs with a small core are higher by approximately one order of magnitude than those for the large-core PCFs. This results from Eq. (4), which is inversely proportional to the core size . The birefringence obtained for both types of ellipticity also reflects the behavior of the numerical aperture with wavelength via Eq. (4), which can be expressed in terms of the NA as B G ∝ NA 2 PC F using Eqs. (1), (4), and (5). Generally, the type of ellipticity of the air holes does not have a crucial effect on the birefringence for either small core or large core PCFs. The experimental birefringence of fiber with a single missing hole in the core having a similar pitch length and ellipticity with that used in this study is of the order of 10 −15 in a wide range of wavelengths [31] and the results obtained in this study are in good agreement with the experimental data. The dispersion curves for the structures are plotted in Fig. 5 . As can be seen from the figure, the dispersion shows almost the same behavior for the small and large solid-core PCFs for both types of ellipticity. The ellipticity draws the zero dispersion wavelengths to a smaller value by a small amount, and the horizontal ellipticity lowered the dispersion at larger wavelengths by a small amount. In addition, the dispersion of the -polarized (X ) and -polarized (Y ) fundamental modes is almost the same for the same ellipticity. We analyze the confinement loss (L ) of the structures, using Eq. (7). First, we have calculated L at wavelengths ranging from 0.8 to 2.0 µm for /Λ = 0 5, and the results are given in Fig. 6 . As seen from Fig. 6 , the confinement losses with the holes having horizontal ellipticity ( = 1 25) are greater than those for the holes having either vertical ellipticity ( = 0 8) or circular shape ( = 1). The confinement loss of the structure with = 0 8 is lower with respect to the circular one. For the small solid core, the loss of the -polarized mode is almost the same with that of the -polarized mode for horizontal ellipticity. For vertical ellipticity, the loss in the -polarized mode is greater than that in the -polarized mode until a wavelength of 1.6 µm. For the large solid core, the loss in the -polarized mode is greater than that in the -polarized mode over the whole range of wavelengths for a horizontal ellipticity ( = 1 25). For vertical ellipticity, the loss in the -polarized mode is greater than that in the -polarized mode until a wavelength of 1.8 µm.
Since the confinement loss is proportional to the effective mode area A , and hence is inversely proportional to the numerical aperture NA of PCF (Eq. (2)), all confinement loss curves can be explained by the corresponding numerical aperture curves. THe numerical apertures for vertical ellipticities for both the small and the large core PCFs are higher than those for horizontal ellipticity; the confinement loss curves, therefore, behave conversely with respect to the shape of ellipticity.
Conclusion
In summary, we have investigated the effect of ellipticity of the air-holes on the birefringence, dispersion, confinement loss, and numerical aperture for small and large solid-core PCFs with hexagonal lattice. As for the effect of the ellipticity on the numerical aperture (NA) of the structures, the vertical ellipticity increases the NA values while the horizontal ellipticity decreases them. Since the numerical aperture is inversely proportional to effective mode area (A ) for a given wavelength, this means that the vertical ellipticity increases A values with respect to those of the circular holes.
The birefringence for the two types of ellipticity is negligible (< 10 −5
) for the parameters used, and reflects the behavior of the numerical aperture with wavelength.
No important effect of the ellipticity on the dispersion for both of the structures is seen, regardless of the polarization state.
From the confinement loss point of view, the vertical ellipticity decreases the confinement loss in all of the structures for both of the polarization states, while the horizontal ellipticity increases it.
In conclusion: generally speaking, the type of ellipticity of the air-holes affects the NA and hence the confinement loss significantly, while it has no crucial effect on the dispersion or on the birefringence.
